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ABSTRACT
An increased frequency of fires in California motivates the development of fire damage
mitigation strategies, including environmentally-friendly fire-resistant materials. A novel
succulent-inspired sandwich composite consisting of HardiePlank (a cement-fiber composite),
waxed paper, cardboard, paper, and mucilage (here labeled HPWM) is proposed. Sample
manufacturing considerations were investigated, and the resulting composite design was
evaluated for aging, mechanical, and flammability performance. Variability in sample
manufacturing was assessed by measurements of sample weight before and after applying
mucilage. Thermogravimetric analysis was conducted on sample materials to better
understand thermal degradation. HPWM samples using two different types of waxed paper
(soy wax, beeswax) were exposed to an outdoor environment and evaluated for aging
behavior via water loss by weighing the samples over time. Structural integrity for the same
variants was assessed by three-point bend testing. To characterize flammability, cone
calorimeter testing was conducted on beeswax HPWM samples in covered/uncovered and
dry/wet states (four variants) with timber used as a control; mass loss and qualitative
characteristics were recorded. Beeswax provided superior water retention to soy wax under
exposure to an outdoors environment. HardiePlank provided exceptional flammability
resistance, and the incorporation of mucilage in the sample structure halted propagation of
fire after initial ignition of the waxed paper layer, demonstrating favorable fire performance.
Further development of evaluation methods and improvement in structural integrity of HPWM
is required.

1 INTRODUCTION
Fires in California have increased in frequency over the past few years with damaging
effects on public health and the environment creating a need for, among other mitigation
strategies, the research and design of fire-resistant materials for use in construction. This
report describes the design and evaluation of a set of novel fire-resistant composite materials
inspired by biological structures found in succulent plants, based on mechanical performance,
aging performance, and fire testing performance.

2 BACKGROUND
2.1. Prevalence of fires in California
Livestock grazing, the introduction of non-native annual grasses, and human ignitions
have contributed to an increased wildfire frequency in California’s shrublands in comparison
to pre-Euro-American colonization. In addition, fuel accumulation from fire suppression and
climate warming have resulted in an increase in the frequency of very large fires. (Meyer et
al., 2021).
Fires have impacts on public safety, threaten animal and plant species, and create air
pollution hazardous to human health (Navarro & Vaidyanathan, 2020). The impact of such fires
on human safety has been exacerbated by the increase of people living in high-risk areas. Air
pollution created by wildfires has been associated with increases in cardiopulmonary issues
and all-cause mortality (Gupta et al., 2018). The estimated long-term economic impact
associated with premature deaths and hospitalization resulting from respiratory issues from
wildfire events in the U.S. between 2008 and 2012 has been estimated to be between $76 and
$130B per year (Fann et al., 2018). The threat posed by fire, combined with the increase of
people living in areas prone to wildfires, creates a need for strategies to mitigate damage
from wildfires, including the use of fire-resistant materials to improve the resiliency of
structures against fire (MesKimen, 2011).
2.2. Succulent plants and water storage strategies
The term succulent is used to describe plants that store a significant amount of water
in their cells. Common examples of succulents include the prickly pear cactus (Opuntia ficusindica) and American aloe (Agave americana). Succulents are generally characterized by
large cells used for water storage, but different species have developed different adaptations

to store water. One common means of increasing water storage is the internal formation of a
viscous substance called mucilage. Another common means of retaining water is the presence
of a thick cuticle to minimize water loss by transpiration (Griffiths, 2017).
2.2.1. Mucilage
Mucilage is a viscous substance formed within plants by secretion of sugars into
extracellular spaces (Griffiths, 2017). It is produced by cells which lack chloroplasts,
sometimes referred to as “mucilage cells” (Nobel, 2002). Mucilage plays many important roles
in water regulation; for example, when cacti are damaged, they release mucilage which
covers wounds and dries to mitigate water loss and shield against further damage (Nobel,
2002). Aside from secretion within plants, it has also been hypothesized that plants exude
mucilage at their roots to regulate water uptake (Benard et al., 2017).
Mucilage composition can vary across plants. Hung and Lai (2019) report that
mucilage extracted from Basella alba, a succulent, consists of 38-39% galactose and 28-36%
arabinose (molar fraction) along with other sugars. Singh (2007) reports that mucilage from
psyllium seed, which is commonly used for commercial production of mucilage, consists of
22.6% arabinose and 74.6% xylose (molar fraction) with traces of other sugars.
There exist many applications for mucilage. The mucilages of Opuntia ficus-indica
(prickly pear cactus) and Pachycereus hollianus (“baboso” cactus) are used as adhesives;
mucilage from the cladodes (pads) of cacti combined with lime is used as a plaster in Mexico
(Nobel, 2002; Kreitschitz, 2021). In food, mucilage has also been used as a fat replacement,
thickening agent, gelling agent, water retention agent, and binding agent. It has also been
used in the pharmaceutical industry as a tablet binder (Hung & Lai, 2019; Zeng & Lai, 2014).
Some research has been conducted evaluating the adhesive properties of various
mucilages. Kreitschitz (2021) evaluated the adhesive properties of Plantago ovata (psyllium)
seed mucilage against UHU brand all-purpose adhesive as a control. The adhesion strength of
P. ovata husk mucilage ranged from 0.04 to 0.31 N/mm2, in comparison to the adhesion
strength of UHU all-purpose adhesive, which ranged from 0.14 to 0.19 N/mm2. The Young’s
modulus of dried-out P. ovata mucilage was 423 ± 95 MPa, an order of magnitude higher than
the Young’s modulus of polymerized UHU glue.

Although mucilage is sometimes incinerated into ash for characterization, not much
research has been conducted on the properties of mucilage in fire resistant applications
(Choudhary et al., 2014, Kumar & Kulkarni, 2013).
2.2.1.1. Water binding capacity of mucilage
Water potential is a representation of the potential energy of water, consisting of
components representing potential energy provided by solute concentration, pressure,
gravity, and other effects. Water potential can be used to quantify the tendency of water to
move throughout a system: water tends to move from areas with higher water potential to
areas with lower water potential. To establish a baseline, the water potential of pure water at
atmospheric pressure and ambient temperature is defined as zero (0 MPa), although the
water potential of other solutions can be above or below the potential of pure water
(LibreTexts, 2021). For reference, the typical water potential within a leaf for some plants is
between -1 and -2 MPa (Vesala et al., 2017).
In keeping with their biological role, mucilages have a high ability to bind water (Nobel,
2002). McCully and Boyer (2006) investigated properties of dried maize root-cap mucilage
and found that it had a water potential of approximately -11 MPa; furthermore, it hydrates
extremely rapidly, with its water potential approaching zero within 1 minute of hydration.
Additionally, after 2 minutes, the root cap mucilage had a water content equal to 300% of its
dry weight. Singh (2007) notes that psyllium seeds, which are commercially used for
production of mucilage, can expand from 8 to 14 times their original size when hydrated.
2.2.1.2. Aloe vera gel
Aloe barbadensis Miller (more commonly known as aloe vera) is a cactus which has
been historically used for medicinal purposes; its therapeutic abilities have been attributed to
the mucilage (commonly referred to as “aloe vera gel”) of the A. vera plant (Hamman, 2008).
In the present day, many food, cosmetic, pharmaceutical, and chemical products are
manufactured using aloe vera gel (Hamman, 2008; Cervantes-Martinez et al., 2014). Mucilage
can be aqueously extracted from the hydroparenchyma cells of A. vera. The resulting gel
consists of 98% water by mass, with its non-water components primarily composed of
polysaccharides (Añibarro-Ortega, 2019; Minjares-Fuentes et al., 2017; Cervantes-Martinez et
al. 2014),

2.2.2. Cuticles and wax
The term cuticle refers to the hydrophobic layers covering the epidermis of a plant
(Figure 1). The cuticle serves to prevent water loss; thus, it is typically hydrophobic (Yeats &
Rose, 2013). It also serves to protect the plant against mechanical damage and rot. The cuticle
is typically composed of a cutin matrix (a polyester) and cuticular waxes embedded within the
matrix and on the outer surface of the plant (Schuster et al., 2017).

Figure 1. A. Schematic diagram of cuticle and epidermal cells. B. SEM micrograph of
Arabidopsis epidermis and cuticle, bar = 5 μm. C. TEM micrograph of Arabidopsis stem
epidermal cell wall and cuticle, bar = 500 nm. D. Optical micrograph of tomato fruit cuticle
stained with Sudan Red and polysaccharide cell walls stained with Alcian Blue, bar = 50 μm
(Yeats & Rose, 2013).

One purpose of the cuticle is to prevent water loss from the plant to the atmosphere
during periods of drought; thus, cuticular water permeability (CWP) is a property of concern.
Across species, cuticle thickness alone does not appear to have a correlation with cuticular
water permeability (CWP) (Leide et al., 2007). However, the content of aliphatic cuticular
waxes appears to contribute greatly to water impermeability in various plants (Schuster et al.,
2017; Leide et al., 2007).
Waxes are used by humans in matches, candles, papers, adhesives, paints,
pharmaceutics, food, and cosmetics. The most common type of wax used by humans is
mineral wax (or paraffin). Paraffins are based on petroleum and not biodegradable; thus,
hydrogenated vegetable oils have been considered as a substitute for these waxes. Among
these is soybean oil, one of the most abundant vegetable oils in the world; when modified to
produce a waxlike product, it is referred to as soybean oil wax or soy wax. Typically, vegetable
oil-based waxes are produced through hydrogenation (Fei et al., 2018; Romero et al., 2021).
There is ongoing research concerning other modifications to vegetable oils to produce more
desirable properties comparable to paraffin waxes (i.e., texture, hardness, and melting point)
(Wang & Wang, 2007; Yao et al., 2013).
Little research has been conducted regarding the mechanical properties of soy waxes
on their own. Hu & Yu (2013) performed mechanical characterization of composites consisting
of natural soy wax and polyurethane nanofibers; a composite of 60 wt% wax and polyurethane
yielded an ultimate strength of 3.02 MPa, an elongation at break of 224.40%, and a Young’s
modulus of 61.56 MPa.
Another type of wax used in food, cosmetic, and pharmaceutical applications is
beeswax (Perugini et al., 2018). Beeswax is a biological material secreted and used by worker
bees as a structural material for cells in beehives; it consists primarily of fatty acid esters,
paraffinic hydrocarbons, and long-chain alcohols (Resh & Cardé, 2009, Amin et al., 2017;
Perugini et al., 2018). Morgan et al. (2002) conducted mechanical testing on beeswax at
various temperatures and found that yield stress and Young’s modulus, both compressive and
tensile, decrease rapidly with increase in temperature up to 50°C. Near 0°C, values for tensile
modulus reached as high as 400 MPa but decrease to zero near 50°C.

2.3. Fire resistance of plants
Most research regarding the ability of plants to resist fire consists of ecological
studies evaluating the ability of plants to survive or grow after a fire. Some laboratory-scale
flammability characterization tests have been conducted on plant material. Experimental
results from laboratory scale flammability tests indicate some association between water
content and flammability; to a limited extent, this can be generalized to larger scale scenarios
(Alessio et al., 2008; Plunciski et al., 2010). Brooks et al. (2004) state that increased moisture
content of live fuels as a result of succulent invasion can reduce the probability of fire ignition
and spread.
Laboratory-scale tests of plant flammability have been used to better understand how
fire spreads in ecological situations; for example, Fuentes-Ramirez et al. (2016) conducted
flammability tests on Larrea invasive grasses and native plants in the southwestern United
States and concluded that native plants burn with an intensity sufficient to ignite invasive
grasses, which carry fire quickly and act as “spreaders” of fire.
Laboratory-scale experiments have been criticized as having limited applicability to
ecological applications. Fernandes and Cruz (2012) make the critique that laboratory studies
do not create a realistic fuel structure and composition or faithfully recreate the heat transfer
mechanisms that occur during real-world fire propagation due to low heat flux levels.
Although moisture predicts flammability metrics for small-scale laboratory experiments, field
experimental data fail to find a significant effect of fuel moisture content on fire spread and
intensity in shrub ecosystems. Generally, flammability results for individual plant parts do not
appear to predict flammability of whole plants or natural fuels (Schwilk, 2015).
A number of factors aside from water have been cited as influencing the flammability
of plant and plant litter, including the ratio of dead to live plant material, volatile compounds
in living plant tissue, and fuel arrangement (which is a function of litter particle sizes: larger
particle sizes assist aeration, leading to faster flame spread and higher heat release—a
phenomenon known as the litter density effect). Although smaller particles have a higher
surface area to mass ratio which can also promote fire, the dominant mechanism in most
situations appears to be the litter density effect (Schwilk, 2015; Zhao et al. 2016).
With respect to succulents, two primary hypotheses exist to explain fire resistance: the
first is the hypothesis of survival in refugia and the other is the hypothesis of vegetative

recovery or tolerance (Thomas & Goodson, 1992; Pfab & Witowski, 2002). Survival in refugia is
the hypothesis that succulents are intolerant of fire and survive only in areas with little
flammable material. Vegetative recovery is the hypothesis that succulents are able to some
extent tolerate fires and recover post-fire (Thomas & Goodson, 1992). Research that has been
conducted on succulents with regards to these hypotheses suggests that either hypothesis
may explain the ability of a particular succulent species to survive fires. For example, Pfab &
Witowski (2002) studied a fire management block in South Africa and found that fire tolerance
accounted for the survival of the succulent Euphorbia clivicola R.A. Dyer in a high intensity
controlled fire. On the other hand, Witt and Nongogo (2011) found that the succulent herb
Bryophyllum delagoense was not resistant to fire in an assembled burning plot; however, they
also noted that the ability of the plant to structurally withstand fire is distinct from its ability
to survive (i.e. regrow) after fire, as radiant heating processes can disrupt physiological
processes within succulents.
2.4. Thermal/flammability characterization of materials
In order to characterize the flammability of a material, various “reaction-to-fire”
properties of materials can be measured and quantified, including ignitability, ease of
extinction, flame spread, smoke release, heat release, and release of toxic or flammable
gases (Hirschler, 2008). One primary reaction-to-fire property measured in this report is
ignition, defined as the start of visual, sustained combustion (i.e. smoldering, flames) (White &
Dietenberger, 2001).
Thermal degradation processes which can affect the integrity of a material are also of
interest. These processes can be analyzed using common material characterization methods
such as differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) (R.
Emberley, November 2021).
2.4.1. Differential scanning calorimetry
Differential scanning calorimetry (DSC) is a materials characterization method that
measures the difference in heat flow rate between an experimental and reference sample
under a controlled temperature program. It is useful for studying the physical or chemical
thermal degradation processes which occur in materials as they are subjected to differing
temperatures, for example, by identifying the temperature range at/over which melting or
crystallization may occur (Hohne et al., 2003; Punia & Dhull, 2019). DSC produces graphs of

heat flow vs. temperature; peaks or valleys on the graph indicate that the sample tested is
undergoing exothermic or endothermic processes (Zarzar, 2020).
2.4.1.1 DSC-analyzed characteristics of soy wax
Melting temperatures of soy waxes range from 43-66°C. Trisnadewi et al. (2021)
performed DSC analysis of soy waxes, finding a melting temperature of 43.92°C. Romero et al.
(2021) performed DSC analysis of soy waxes prepared by melting different fractions of fully
and partially hydrogenated soybean waxes, with crystallization temperatures ranging from
44.7-47°C and melting temperatures ranging from 59-61.2° C. Yao et al. (2013) performed
DSC analysis of soy waxes reacted with stearyl alcohol and triacetin, finding melting points of
acetylated soy waxes from 40.3-55.1°C (with melting point decreasing as a function of
triacetin addition) and a melting point for fully hydrogenated soy wax of 65.48°C.
2.4.1.2 DSC-analyzed characteristics of beeswax
Beeswax has a glass transition temperature of approximately 32°C and a melting
temperature of 61-66°C (Resh & Cardé, 2009). Amin et al. (2017) performed DSC analysis of
beeswax impregnated with graphene nanoplatelets, finding a melting temperature of 62.28°C
which generally corresponds to the melting temperatures discussed previously. Furthermore,
Vykdalova et al. (2020) performed DSC analysis of beeswax degraded by NOx pollution and UV
light, identifying phase transitions at a range of 50-70°C and onsets of thermal oxidation at or
above 164.5°C (Figure 2).

Figure 2. DSC curves of NOx and UV-degraded beeswaxes (Vykdalova et al., 2020).

2.4.1.3 DSC-analyzed characteristics of mucilage
Thermal degradation of mucilage is generally attributed to the release of water and
depolymerization (Punia & Dhull, 2019; Archana et al., 2013). Typically, DSC curves for
mucilages or mucilaginous materials exhibit one or two endothermic events associated with
water loss and/or melting at/below 100°C and an exothermic event associated with
depolymerization at a higher temperature (approx. 200-300° C) (Punia & Dhuli, 2019; Otalora
et al., 2021). Figure 3 displays some representative DSC curves of okra and seaweed
mucilage.

Figure 3. DSC curves of okra (left) and seaweed (right) polysaccharide (Archana et al., 2013)
2.4.1.4. HardiePlank and thermal characteristics of related materials
HardiePlank is the brand name for a fiber-cement composite building material
produced by James Hardie. It is intended for use as a non-combustible, weather-resistant,
pest-resistant, and low-cost siding for buildings (Buck, M., 2021). Its primary material
constituents are crystalline silica and cellulose (James Hardie Pros, 2021). Little if any
thermal characterization has been conducted on HardiePlank in the literature; however, some
insight may be gained from examining thermal properties of the components of HardiePlank
or materials similar to these components, such as plant cellulose and silica-fumed cement.
Miranda et al. (2013) performed DSC/TGA analysis on celluloses from maize straw and
soybean hull. Prominent transitions included an endotherm resulting from loss of water at
30-150°C and cellulose decomposition at 339-349°C. The temperature of cellulose
degradation is known to be influenced by cellulose crystallinity and crystal size, as well as the

atmosphere used for testing. DSC/TGA/DTG (derivative thermogravimetry) curves for maize
cellulose are shown in Figure 4.

Figure 4. DSC/TGA/DTG curves of maize cellulose (Miranda et al., 2013)
Wei et al. (2012) and Saraya (2014) performed thermal analyses of silica-fumed cement. One
consistent feature of DSC curves for this material was the degradation of portlandite, which
was expressed as a peak in the range of 400-550°C (Figure 5). Saray (2014) attributed an
endothermic peak at 740-850°C to decomposition of calcium carbonate.
2.4.2. Thermogravimetric analysis
Thermogravimetric analysis (TGA) is a characterization technique which measures the
weight change of a sample as it is heated at a constant rate. Typically, TGA is conducted in air
or in an inert atmosphere, such as helium or argon (Zafeiropoulos, 2011). TGA can be used to
measure thermal degradation processes and the amount of volatile compounds in a material.
It is often used in combination with DSC (sometimes measured using the same machine—
known as a “simultaneous thermal analyzer” or STA) to provide a better understanding of the
mechanics of thermal processes. Particular processes such as water loss or volatilization are
associated with mass loss; thus TGA can be used to provide insight into these processes
(Otalora et al., 2021). Figure 6 displays some representative DSC/TGA curves of Opuntia ficusindica and Aloe vera mucilage.

Figure 5. DSC and TGA curves for silica-fumed cement. (Wei et al., 2012)

Figure 6. Thermogravimetric analysis/DSC curves of Opuntia ficus-indica (left) and aloe vera
mucilage (right) (Otalora et al., 2021).

2.4.2.1 Pyrolysis
Pyrolysis is a form of thermolysis (a reaction in which chemical bonds are cleaved as a
result of exposure to elevated temperature) typically measured in an inert environment
(IUPAC, 1997). It occurs at lower temperatures than combustion (Di Blasi, 2009). The pyrolysis
of polymers can result in the release of flammable gases; thus the temperatures at which
polymers pyrolyze are of concern in fire safety and computer fire modeling (Carvel et al.,
2011).
2.4.3. Flammability characterization of materials
In order to characterize the ignitability of materials, a number of reaction-to-fire
properties are quantified and measured, including minimum temperature for ignition, time to
ignition, and minimum heat flux required to reach ignition, among others. The minimum heat
flux of ignition is typically obtained from extrapolation from measurements made at a variety
of incident heat fluxes, where the time needed for ignition is measured. Alternatively, the
minimum heat flux of ignition may be estimated as the highest heat flux of ignition at which
ignition does not occur for a given period of time (periods of 10 to 30 minutes are typically
used). One instrument used to measure the minimum heat flux of ignition is the cone
calorimeter (Hirschler, 2008; American Society for Testing and Materials, 2017; R. Emberley,
November 2021) (Figure 7). The cone calorimeter uses a radiant cone heater to expose
samples to a uniform radiant heat flux, so that time to ignition for a given flux can thus be
measured (NIST, 2018).

Figure 7. Cone calorimeter test apparatus (Hirschler, 2008).

Another variable of interest that can be measured during flammability tests is the
thermal wave (i.e., the propagation of heat as measured by changes in temperature
throughout the material over time), which can be measured via thermocouples placed
throughout the material. The thermal wave is of interest because it can indicate the ability of a
material to insulate heat and contain fire spread (R. Emberley, November 2021).
Another significant flammability property of materials is the flash point. The flash point
is the lowest temperature produced by an ignition source at which a material produces a
volatile substance that forms an ignitable mixture with air and continues burning after
removal of the ignition source (Isac-Garcia, 2016). The flash point of soy wax has been stated
to be over 315° C (Hoffmann et al., 2014), and the flash point of beeswax has been stated to be
over 250°C (Stober et al., 2020).
2.5. Research Questions
This project proposes a design for a novel bio-inspired fire-resistant composite
intended to replace conventional building materials that is based on the structure of succulent
plants, an experimentally demonstrated relation between moisture content in plants and fire
tolerance, and the known properties of fire tolerance for some succulents. The proposed bioinspired fire-resistant composite consists of two pieces of HardiePlank that provide primary
structural support that sandwich a thin waxed paper shell (analogous to the cuticle of a plant)
with a mucilaginous interior (analogous to the interior of a succulent) which provide
resistance to moisture loss and moisture, respectively. Due to the demands of materials used
in buildings, mechanical performance, water retention over time, and fire performance all
must be evaluated. Thus, the primary research questions to be asked are:
•

How do the mass loss rate and burning behavior of 10 cm x 10 cm assemblies of
HardiePlank-wax-mucilage sandwich composites (which shall be henceforth referred to
as HPWM composites) as measured by a cone calorimeter test vary in comparison to wood
as a control?

•

How does the flexural strength of 75 mm x 200 mm assemblies of HPWM composite as
measured by three-point bend testing vary with selection of wax or inclusion of a
wax/mucilage layer?

•

How does water loss over time as measured by weighing of 10 cm x 10 cm assemblies of
HPWM composite vary with selection of wax or inclusion of a wax/mucilage layer?

3 MATERIALS AND METHODS
3.1. Initial Sample Designs
In order to evaluate the viability of different methods for incorporating wax and
mucilage into the sample structures, experimentation was performed involving
melting/heating waxes, different ways of molding/slicing waxes, constructing test samples via
various methods, and allowing mucilages to dry. For each process, visual, textural, and
structural characteristics (such as adhesion) were recorded.
HardiePlank pieces were prepared and cut to shape via the score-and-snap method
and a tile saw. The score-and-snap method, a common method for making rough cuts of
HardiePlank, involves using a straightedge and blade to create a groove in the plank, followed
by snapping the plank over the edge of a flat, sturdy surface, such as the edge of a heavy
table. This method was used to prepare smaller pieces of HardiePlank from a larger piece of
stock for easier handling in the tile saw.
An early design of HPWM involved two pieces of HardiePlank sandwiching a solid wax
shell which would be used to enclose pure mucilage. Figure 8 provides a schematic of this
early design.

Figure 8. Proposed early HPWM design.
One proposed method of manufacturing this design was to mold wax into solid blocks and cut
it into wall segments which could be heated via a microwave oven or heat gun and then
assembled into a shell-like structure. Thus, soy wax [CandleScience, Inc. (Morrisville, NC,
USA)] was molded into blocks to characterize cooling and study structural integrity. Three
Rubbermaid Brilliance 3.2-cup glass food containers (packaging dimensions 13.94 x 8.82 x

6.77 in) were filled approximately 2/3 full with soy wax pellets to mold a sheet of wax; a
kitchen scale was used to measure the mass of wax added to the container (320-330 g). A
piece of parchment paper was placed in one wax molding container to determine the viability
of using parchment paper to remove the molded wax. A HMD1110B Magic Chef microwave
oven (output power 1.0 kW) was used to heat the wax-filled containers at 30-second intervals
until the wax had fully melted (i.e. no visible solids). Visual characteristics of the wax were
observed and recorded during the heating. A partially plugged sink filled with cold water
(continually refilled via a small stream from the faucet) was used as a cooling bath for the
molten wax containers (Figure 9). The time for wax cooling was recorded, and visual
observations of the cooling wax were made. Details of these observations are provided in
section 4.1.
One attempt was made to remove the cooled wax block from the container using an
icing spatula. Later, the wax blocks were removed from the container by heating them in a
microwave for 30 seconds, using the icing spatula to assist. Two attempts were made to use a
cheese slicer to cut the cooled wax; the results of these attempts were recorded and are
described in section 4.1.

Figure 9. Cooling setup for molten wax containers. Three wax-filled containers float in a sink
that has been partially plugged via the use of a towel. The sink was continually refilled with
cold water to help cool the wax.

Another attempt to shape the molten wax involved the use of 3D printed PLA
(polylactic acid) molds: Two disassemblable test molds for 10 cm x 10 cm wax pieces were 3D
printed from PLA and filled with molten wax (Figure 10). Tape was used to seal the molds
along their parting lines. The time for wax cooling and post-cooling observations of adhesion
and structural integrity were recorded and are described in section 4.1.

Figure 10. PLA molds, filled with molten wax. The pieces are disassemblable along their
centerlines. Tape was used to hold the mold pieces in place and prevent leakage.
After cooling, the tape was removed, the mold was disassembled, and the remaining
wax was disposed of. One attempt was also made to heat wax pieces until soft and tacky (but
not liquid) and shape them in a PLA mold. Notes were made on structural integrity and
characteristics of the wax following this attempt; these notes are available in section 4.1.
The following process was used to determine viability for forming waxed paper
containers and using them to contain mucilage: Soy wax was removed from the Rubbermaid
containers (left over from the previous wax block process) by hand; residue in the container
was removed with water and soap. Soy wax which could be recovered from the previous trial
was re-melted in a container, and a pastry brush was used to apply the resulting molten soy

wax to two sheets of standard note paper. The note papers were folded into two origami
boxes; one box was held together with the assistance of duct tape. With assistance of a spoon,
aloe vera mucilage [Bedlington Supplies, LLC (Kennewick, WA, USA) via Etsy] was poured into
one box, and wallpaper mucilage [Factory Direct Craft Supply, Inc. (Springboro, OH, USA)]
was poured into a second box (enough to cover the bottom surface of both boxes). The boxes
were left to dry in a temperature-controlled room overnight; post-drying observations (i.e.,
leakage of mucilage, visual/physical characteristics of the dried mucilage) were recorded and
are described in section 4.1.
To estimate the thickness of the soy wax layer formed by application via pastry brush, two
sheets of standard printer paper were partially waxed (i.e. wax applied to one half), and the
thicknesses of the waxed and unwaxed portions of the papers were measured using digital
calipers. The temperature of wax at time of application was also recorded and is noted in
section 4.1.
A mock soy wax sample for age testing was constructed from aloe vera gel-soaked
cardboard, paper coated on one side with soy wax (referred to as waxed paper), HardiePlank
pieces [The Home Depot, Inc. (Atlanta, GA, USA)], and wallpaper mucilage (used as an
adhesive) (Figure 11). Note that this design included no paper towel component. 10 cm x 10
cm cardboard pieces were cut from scrap C-flute shipping cardboard (3/16”) using scissors.
Aloe vera gel was poured into a Rubbermaid Brilliance glass container, and cardboard pieces
were soaked in the gel for approximately 3 seconds. Waxed paper was folded into a 10 cm x
10 cm origami box around the mucilage-soaked cardboard pieces, and wallpaper mucilage
was used (with assistance of a spoon and a spreader made from folded paper) to affix the
waxed paper box between two 10 cm x 10 cm pieces of HardiePlank (Figure 12).
The sample was allowed to sit in a temperature controlled room over a three-day
period in March 2022, and weights of the sample were recorded once each day. The sample
was disassembled after the three-day period, and the final physical/visible characteristics of
the sample were also noted and listed in section 4.1.

Figure 11. Initial age testing sample.

Figure 12. Left: A HardiePlank piece with wallpaper mucilage applied to it. Right: A waxed
paper box has been affixed on top of the HardiePlank piece/wallpaper mucilage.
Beeswax [CandleScience, Inc. (Morrisville, NC, USA)] was melted to determine its
cooling and structural characteristics; in particular, evaluating whether beeswax structurally
behaved better than soy wax was of interest. The process used to mold beeswax was similar
to that used for melting soy wax: 320-330 g of beeswax was poured into a Rubbermaid
Brilliance 3.2-cup glass food container and heated in a microwave at 30-second intervals until
the wax was fully melted (i.e. no visible solids), with visual characteristics of the wax observed
and recorded. However, no cooling bath was used; instead, the beeswax was allowed to cool
overnight. Physical and visible characteristics of the beeswax after cooling were recorded.
The solidified beeswax block was released from the container with the assistance of

microwaving (approx. 30 seconds). One attempt was made to cut the beeswax block with a
cheese slicer, followed by another attempt to use a cheese slicer heated by a hair dryer to cut
the block. The results of these attempts were recorded and are noted in section 4.1.
Lastly, a small amount of beeswax was re-melted and applied to paper using the
pastry brush method described above for soy wax to create waxed paper. The initial melting
temperature and physical characteristics of the resulting waxed paper were recorded. Details
on these are provided in section 4.1.
3.2. Final Sample Description and Preparation
The final HPWM design used for bend testing, age testing, and fire testing was a
sandwich structure, consisting of an outer layer of HardiePlank enclosing a thin waxed paper
shell which contains mucilage-soaked paper towel and cardboard (Figure 13). The rationale
for using a thin waxed paper shell was that it would be easier to manipulate, cool, and keep
intact compared to solidified wax (as was observed during initial experimentation). The
rationale for including mucilage-soaked paper towel in the design was that paper towels were
anticipated to be better at absorbing and retaining mucilage than cardboard alone. Bend
testing samples had a width of 7.5 cm and length of 20 cm; samples used for fire testing and
age testing had a width and length of 10 cm. For each type of test, the type of wax applied to
the waxed paper was varied between beeswax or soy wax (i.e., “beeswax” samples are HPWM
samples with beeswax applied to the waxed paper).

Figure 13. Diagram of final HPWM sandwich structure design.
Mucilage was poured into a container, and cardboard and paper towels [Viva
(Kimberly-Clark) Signature Cloth paper towels (Irving, TX, USA)] were soaked in mucilage to
form the mucilaginous material. Wax was melted in a microwave oven and applied via natural
bristle pastry brushes to paper. For the 10 cm x 10 cm samples, the wax was applied to

standard printer paper, which was then folded into a box shape around the mucilaginous
material according to the pattern illustrated in Figure 14. For the 7.5 cm x 20 cm bend testing
samples, A2 drawing paper was used; a schematic of the folding pattern is shown in Figure 15.
Wallpaper mucilage was used as an adhesive, applied via a natural bristle pastry brush to
attach the mucilage-containing waxed paper box to the HardiePlank pieces.

Figure 14. Folding template for 10 cm x 10 cm waxed paper enclosure.

Figure 15. Folding template for 20 cm x 7.5 cm waxed paper enclosure.
3.3. Sample Manufacturing Variability
To determine if the type of wax chosen affected the thickness of the wax layer, waxed
papers (7 soy wax and 7 beeswax) were measured with calipers at three numbered points
(Figure 16), and the total thicknesses at these points were recorded.

Figure 16. Numbered sites for caliper measurement (red circles) of waxed paper thickness.
Variability in the amount of mucilage used was measured by weighing four HPWM
samples of each wax type (soy wax and beeswax) before and after the addition of mucilage.
3.4. DSC/TGA Testing
To better understand the thermal characteristics of the samples, DSC/TGA testing was
conducted on all materials used for constructing samples: HardiePlank, soy wax, beeswax,
wallpaper mucilage, and aloe vera gel. 5-15 mg of each material were prepared for DSC/TGA
testing.
DSC/TGA testing was conducted on a TA Instruments Discovery SDT 650 simultaneous
thermal analyzer. Tests were conducted using nitrogen as a purge gas (50 mL/min) to
characterize thermal degradation and other processes. The amount of material used in TGA is
relatively small; thus, data collected via TGA may be influenced by inhomogeneity in the
sourced materials (i.e., the small sample taken may not be representative of the
characteristics of the material on average). To control for sources of error/variability between

samples, two replicates were performed for each material. Both heat flow and weight loss
data were collected. All tests used a starting temperature of 20°C. The temperature ranges
and heating rates used for each material are listed in Table I.
Table I. Heating rates and final temperatures used in DSC/TGA testing, by material.
Material

End Temperature (°C)

Heating rate (°C/min)

HardiePlank

700

20

Soy wax

450

10

Beeswax

450

10

Wallpaper mucilage

600

10

Aloe vera gel

600

10

3.5. 3-Point Bend Testing
Bend testing was conducted on an Ametek LD50 Universal Test Machine to better
understand the effects of different types of wax on mechanical performance. A three-point
bend test was conducted on replicates of three types of 20 cm x 7.5 cm HPWM samples
constructed from different types of wax: control (two pieces of HardiePlank fixed together
with wallpaper adhesive but no waxed paper/cardboard/paper towel component), beeswax,
and soy wax. To control for variability between samples introduced during manufacturing,
three replicates of each sample type were tested (nine samples in total); however, one soy
wax sample failed prior to testing, resulting in only two replicates tested for soy wax. Loadextension data were obtained for all samples tested.
3.6. Age Testing
Age testing was conducted to investigate the effects of aging with different types of
wax on sample water loss and to observe other potential sources of degradation by exposing
samples to an outdoor environment and measuring weight loss over time. Age testing
involved replicates of three types of 10 cm x 10 cm HPWM samples constructed from different
types of wax: control (two pieces of HardiePlank fixed together with wallpaper adhesive but
no waxed paper/cardboard/paper towel component), beeswax, and soy wax (nine samples in
total). To account for variability introduced between age testing samples in manufacturing,
three replicates of each sample type were used (nine samples in total).

Samples were weighed after preparation to determine an initial weight. Samples were
then exposed to direct sunlight in an outdoor environment (Figure 17) over the period of April
1-16; due to scheduling conflicts, the samples were moved twice (once on April 6 and once on
April 13) to ensure personnel availability to weigh samples. Every 6 hours for the first 24
hours and once every day following, samples were weighed to measure changes in weight,
anticipated to be due to water loss, with the time/date of weighing recorded along with local
weather data obtained from AccuWeather (https://www.accuweather.com). Lastly, the
samples were disassembled, and a number of properties were noted and recorded, including
whether the top/bottom pieces of HardiePlank debonded, the moisture content of the internal
cardboard/paper towel component (by visual/tactile observation), and any other notable
changes; these characteristics are described in detail in section 4.1.

Figure 17. Initial location of sample exposure to outdoor environment. All nine samples (three
replicates of soy wax, beeswax, control variants) are pictured.
3.7. Fire Testing
10 cm x 10 cm HPWM samples using beeswax for the waxed paper layer were
subjected to fire testing via an ISO 13927 Fire Testing Technology Mass Loss Cone (Figure 18).

Figure 18. Fire testing mass loss cone apparatus.
To test the effect that different components of the HPWM design (i.e. the HardiePlank
and the mucilage) had on fire resistance, “uncovered”/”covered” and “wet”/”dry” variants were
tested (Figure 19). “Uncovered” variants are variants without a top HardiePlank covering;
“covered” variants are variants with this covering. “Wet” variants are variants where the
internal cardboard/paper towel component has been soaked in mucilage, whereas “dry”
variants contain no mucilage aside from the wallpaper mucilage material used as adhesive
between components.

Figure 19. Schematic diagrams (not to scale) of fire tested HPWM variants.

Five variants were tested in total: 10 cm x 10 cm x ¼” pieces of ACX plywood (control),
uncovered wet HPWM, uncovered dry HPWM, covered wet HPWM, and covered dry HPWM. To
account for potential variability introduced by manufacturing, three replicates were used. To
better approximate the conditions of real-world use (i.e., use as a wall material where there is
a much larger lateral surface area to side wall thickness ratio than that provided by a 10 cm x
10 cm sample), samples were partially wrapped in aluminum foil (Figure 20) to mitigate
effects from boundary behavior (e.g., ignition due to escape of gases around the sides of the
sample).

Figure 20. Aluminum foil covering the edges of the sample to mitigate boundary behavior.
Samples were tested in a horizontal configuration in an open-face sample holder
(Figure 21), with mass over time as the primary response variable measured. After placement
in the sample holder, excess foil on the top layer was cut away with a utility knife to expose as
much of the upper surface of the sample as possible while maintaining integrity of the side
aluminum foil covering.

Figure 21. Sample holder with sample inside. Excess top foil has been cut away.

During fire testing, a stopwatch was used to record the times of the following events:
• Start of data collection
• When the sample holder was placed underneath the radiant cone heater
• When the igniter was activated
• When sustained ignition occurred (only recorded if the sample ignited)
• End of data collection.
Whether ignition occurred for a particular sample was recorded, and qualitative observations
were made of the ignition behavior (e.g., apparent ability of the flame to sustain itself,
whether the sample self-extinguished after a period of time, visual changes that occurred in
samples that ignited). Samples were tested until approximately 20 minutes had passed (this
duration was chosen as re-ignition was not anticipated to occur for a previously ignited
sample based on qualitative observations of the sample’s integrity and visible gases emitted
from the sample), or as scheduling constraints permitted; testing was stopped based on
whichever of these conditions was satisfied first. After samples were tested, they were
removed from the cone heater and disassembled. Observations of the integrity of various
layers within the sample were recorded.
In addition to testing of beeswax samples, a selection of soy wax samples was also
tested, using one replicate of each of the variants tested for beeswax (uncovered wet,
uncovered dry, covered wet, covered dry). The same data collection procedures were used for
mass vs. time and ignition times/behavior as for beeswax samples.

4 RESULTS
4.1. Initial Experimentation
Heating 320-330 g of soy wax at full power in a nominally 1.0 kW microwave oven until
the wax was fully melted (no solid pieces visible in the melted wax) took approximately 4.5
minutes. Melting the wax with parchment paper in it took approximately 6 minutes, and the
embedded parchment paper could not be used to remove the molded soy wax after
solidification. After immersion in the cooling bath, solidification initiated on the outer surfaces
of the microwave-safe container, particularly on the bottom surface, and took approximately
90 minutes to complete (Figure 22).

Figure 22. Soy wax in microwave-safe container in cooling bath. Solidification of wax
(opaque white) at the edges of the container is visible.
After solidification, the soy wax was crumbly and brittle. The wax block could not be
adequately removed from the container using an icing spatula; this only resulted in chipping
the wax. After wax removal via microwaving, the cheese slicer could not be used to slice the
wax without unpredictable crumbling/cracking.
Cooling of soy wax in the PLA mold took approximately 15 minutes. The soy wax
adhered strongly to the molds; attempting to separate the molds resulted in breaking the
mold with pieces of wax still attached to the PLA (Figure 23). When heated until soft, soy wax
pieces crumbled and clumped easily, and adhered to most surfaces.
The initial soy waxed paper containers formed from note paper successfully contained
the mucilage without any leakage; the aloe vera gel dried into a small quantity of loose
powder and flakes with a crystalline appearance, while the wallpaper mucilage dried into a
thin, smooth, translucent brown film (Figure 24).
The initial thickness of the two sheets of printer paper with soy wax applied was 0.1
mm for both; the final thickness of the printer paper was 0.36 mm when wax was applied at
168°F (75.6°C) and 0.22 mm when wax was applied at 127° F (53°C).

Figure 23. Disassembled PLA mold. Soy wax remained adhered to the mold after
disassembly.

Figure 24. Waxed paper containers after drying, with aloe vera gel (left) and wallpaper
mucilage (right).
The sample weights measured over three days of the mock soy wax sample for age
testing were 244 g (11 AM March 07, 2022), 239 g (7 PM March 08, 2022), and 238 g (11 AM
March 09, 2022). The HardiePlank pieces were difficult to manually separate from the waxed
paper by pulling/rotating/shearing. After disassembly (Figure 25), it was observed that the
cardboard sheets within the age testing sample were dry to the touch.

Figure 25. Disassembly of mock soy wax sample for age testing. Little/no moisture was
present in the cardboard.
Heating 320-330 g of beeswax at full power in a nominally 1.0 kW microwave oven
until the wax was fully melted took approximately 9 minutes. After cooling, the beeswax
formed a darker, smoother solid than the soy wax (a comparison with solidified soy wax is
shown Figure 26). The solidified block could not be cut with a cheese slicer, with or without
the assistance of a hair dryer. It was also observed to be difficult to break by hand.

Figure 26. Solidified beeswax (left) and soy wax (right) in microwave-safe containers.

The initial temperature of the molten beeswax when applied to papers was 255°F
(124°C). The beeswax applied papers appeared to have a thicker layer of wax than the papers
with soy wax applied; furthermore, the beeswax appeared to pool/clump more easily than the
soy wax.
4.2. Sample Manufacturing Variability
The following tables (Tables II-III) display the measured thicknesses for beeswax and
soy waxed paper respectively:
Table II. Beeswaxed paper thicknesses.
Beeswax sample
#
1
2
3
4
5
6
7
Point average
Grand average

Point 1 thickness
(mm)
0.58
0.64
0.68
1.7
0.5
0.63
0.45
0.74
0.46

Point 2 thickness
(mm)
0.35
0.68
0.22
0.18
0.18
0.5
0.34
0.35

Point 3 thickness
(mm)
0.38
0.38
0.28
0.18
0.2
0.3
0.34
0.29

Table III. Soy waxed paper thicknesses.
Soy wax sample
#
1
2
3
4
5
6
7
Point average
Grand average

Point 1 thickness
(mm)
0.25
0.24
0.24
0.22
0.24
0.22
0.18
0.23
0.26

Point 2 thickness
(mm)
0.2
0.24
0.25
0.21
0.25
0.22
0.29
0.24

Point 3 thickness
(mm)
0.3
0.25
0.22
0.45
0.35
0.34
0.25
0.31

Table IV displays the measured dry and wet weights of HPWM samples evaluated for
manufacturing variability.

Table IV. HPWM dry (prior to adding mucilage) and wet (after adding mucilage) weights.
Sample
Beeswax 1
Beeswax 2
Beeswax 3
Beeswax 4
Beeswax average
Soy wax 1
Soy wax 2
Soy wax 3
Soy wax 4
Soy wax average

Dry weight (g)
221
230
230
220
225
222
218
218
220
220

Wet weight (g)
286
285
293
276
285
279
283
280
285
282

4.3. DSC/TGA Testing
Figures 27-31 display DSC/TGA heat flow/mass loss curves for all materials tested
(aloe vera gel, beeswax, HardiePlank, soy wax, wallpaper mucilage). Additional figures for
replicates of these variants are included in the appendix (Figures A1.1-5).

Figure 27. DSC/TGA curve for aloe vera gel, plotting both weight (blue curve) and heat flow
(green curve) vs. temperature.

Figure 28. DSC/TGA curve for beeswax, plotting both weight (blue curve) and heat flow (green
curve) vs. temperature.

Figure 29. DSC/TGA curve for HardiePlank, plotting both weight (blue curve) and heat flow
(green curve) vs. temperature.

Figure 30. DSC/TGA curve for soy wax, plotting both weight (blue curve) and heat flow (green
curve) vs. temperature.

Figure 31. DSC/TGA curve for wallpaper mucilage, plotting both weight (blue curve) and heat
flow (green curve) vs. temperature.

4.4. 3-Point Bend Testing
Figures 32-34 display load-extension curves for beeswax, soy wax, and control
samples, respectively. Additional figures for replicates of these variants are included in the
appendix (Figures A.2.1-5).

Figure 32. Load-extension curve for beeswax sample (first replicate).

Figure 33. Load-extension curve for soy wax sample (first replicate).

Figure 34. Load-extension curve for control sample (first replicate).
4.5. Age Testing
Figures 35-37 display the weight difference for beeswax, soy wax, and control samples
respectively, plotted against date. A negative weight indicates a final weight below the
starting weight (e.g.,-10 g indicates that the final weight is 10 g below the starting weight).
Figures displaying weather data recorded over the period of testing can be found in the
appendix (Figures A.3.1-4).
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Figure 35. Weight difference vs. time data for beeswax samples.
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Soy Wax Samples, Weight Difference vs. Time
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Figure 36. Weight difference vs. time data for soy wax samples.
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Figure 37. Weight difference vs. time data for control samples.

Figure 38 displays an aged soy wax HPWM sample for reference. Wax discoloration
occurred on all non-control samples, with the wax layer turning slightly yellow. At least one
HardiePlank layer debonded on all HPWM (i.e. non-control) samples after aging. Visually, the
outer cardboard layer on multiple samples exhibited a dark mottled pattern (see Figure 38),

but this pattern did not feel damp to the touch. All samples showed dampness on the inner
layer of the cardboard/inner paper towel layer, with beeswax samples overall showing a
higher degree of dampness than soy wax samples. One beeswax sample contained a
significant amount of moisture with visible spots of what was assumed to be water on the
bottom wax layer.

Figure 38. Aged soy wax HPWM sample.

4.6. Fire Testing
Figures 39-40 display mass loss rate vs. time graphs obtained from fire testing of
beeswax HPWM samples and soy wax HPWM samples, respectively, with wood plotted as a
control for comparison on both graphs. The mass loss rate curves plotted here represent one
replicate each and were obtained from mass vs. time data by applying the MATLAB smoothing
filter rloess with a span of 10% to mass vs. time data (to reduce noise in the resulting mass
loss rate). This was followed by taking a finite difference as a first derivative approximation.
Additional mass loss rate graphs are plotted for variant replicates in the appendix (Figures
A.4.1-5).

Figure 39. Mass loss rate vs. time graph for beeswax samples.

Figure 40. Mass loss rate vs. time graph for soy wax samples.

With respect to ignition, no covered wet samples ignited within 20 minutes of testing.
Some covered dry samples demonstrated sustained ignition of a small flame around the side
of the sample (Figure 41); flames of this nature are technically not considered ignition for the
purposes of the horizontal configuration fire test (R. Emberley, April 2022). Other covered dry
samples did not ignite. Both uncovered wet samples and uncovered dry samples ignited
rapidly after activation of the igniter; uncovered dry beeswax samples all ignited within 10
seconds of igniter activation, while uncovered wet beeswax samples and wood samples
ignited within 30 seconds of igniter activation. All uncovered wet beeswax samples selfextinguished some time after ignition and did not re-ignite during the testing period. A full
table of timed events is found in the appendix (Table A.3.I).

Figure 41. Sustained ignition of covered dry beeswax sample. A small orange flame, emitted
from the left edge of the sample holder, is visible.
In terms of layer behavior, wood samples burned through completely, leaving a
cracked, pale white residue. Covered wet beeswax and soy wax samples performed similarly
to each other, with the top layer of HardiePlank taking on a pale appearance (Figure 42).
Covered wet beeswax and soy wax samples also had charred top wax/cardboard layers, but
all subsequent layers (e.g. paper towel, bottom cardboard/wax) were intact.

Figure 42. Covered wet beeswax sample with top HardiePlank layer. The HardiePlank layer
has lost its initial yellow color and now appears pale.
Covered dry samples that underwent ignition around the sample side boundary
underwent charring that extended to the bottom waxed paper layer; however, covered dry
samples that underwent no ignition around the sides had similar results to covered wet
samples, with slightly more charring beneath the top cardboard layer. Uncovered wet
samples underwent significant charring on the top cardboard layer, but subsequent layers
(paper towel/bottom cardboard) were intact (Figure 43). Uncovered dry samples burned
through completely, leaving only the bottom HardiePlank layer intact.

Figure 43. Uncovered wet beeswax sample with top HardiePlank layer. The top layer of
cardboard is charred. Subsequent layers (paper towel, bottom cardboard/wax) have some
charring but are mainly intact.
While burning, some uncovered samples (particularly uncovered dry beeswax
samples) were visually observed to undergo an intumescence/swelling effect (Figure 44),
where the top layers of paper and cardboard rose and formed a conelike geometry that
collapsed when the sample was removed from the fire testing apparatus.

Figure 44. Intumescence/swelling effect on uncovered beeswax dry sample.

5 ANALYSIS/DISCUSSION
5.1. Initial Experimentation
The increased amount of time needed to melt soy wax with parchment paper in it (6
minutes) compared to melting wax without parchment paper (4.5 minutes) was hypothesized
to be due to the parchment paper possibly blocking absorption of microwave radiation into
the bulk soy wax. Due to the amount of time (90 minutes) required to allow wax to cool in the
microwave-safe containers used, cooling wax into ingots was determined to be an
inappropriate manufacturing method given the time scale of this project.
Use of an icing spatula alone to remove the wax block from the container chipped the
wax and was therefore determined to be an inferior method to microwaving the block for a
short period of time (~30 seconds) in order to release it from the container. Furthermore, due
to the difficulty of cutting both soy wax without crumbling/cracking or beeswax in general,
use of a cheese slicer for cutting was ruled out as a method for shaping wax pieces.
Due to additional problems with adhesion to the 3D printed PLA mold, the solid wax
shell design was disfavored. It is possible that some form of mold release spray could have
been employed to allow the wax to be better released from the 3D printed mold, but this was
not tested. The tendency of the softened soy wax to adhere to other surfaces (e.g.,
microwaveable container, work surfaces, gloves) and clump together was interpreted as
unfavorable for the purposes of manufacturing a wax shell design.

The results from containing various mucilage types in soy waxed paper containers
were interpreted to indicate that containing mucilage within a soy waxed paper shell design
was viable.
The differing thicknesses between soy waxed paper layers when soy wax was applied
at different temperatures may indicate that the average thickness of the applied wax layer
could be controlled by heating waxes to different temperatures. Examining the use of a more
precise method (e.g., a dedicated wax melting machine) to keep the wax at a particular
temperature may present an area for additional testing.
The difficulty involved in cutting/breaking the block of solidified beeswax suggested
that beeswax was a much more mechanically stable material than soy wax. The tendency of
beeswax to pool/clump together more easily than the soy wax when applied to the printer
paper may reduce uniformity of the surface layer thickness for beeswaxed paper enclosures.
It is possible that heating the beeswax to a higher temperature than 255°F (124°C) may reduce
its viscosity enough to counteract this effect, but this was not investigated due to time
constraints.
The loss of mucilage mass (~6 g over 3 days) for the mock soy wax sample age test
combined with the fact that internal cardboard pieces in the sample appeared dry after
testing suggests that the soy waxed paper/cardboard design alone was insufficient for
retention of moisture from the mucilage over even a short period of time. This results
prompted the inclusion of mucilage-soaked paper towels in later sample designs.
5.2. Sample Manufacturing Variability
The average measured thickness values were taken across each waxed paper type (i.e.,
one average was taken over all point measurements for beeswaxed paper, and one average
was taken over all point measurements for soy waxed paper). The average soy waxed paper
thickness was 0.26 mm (0.23-0.29 mm, 95% CI) and the average beeswaxed paper thickness
was 0.46 mm (0.31-0.61 mm, 95% CI). The results demonstrate a statistically significant
difference in thickness values between beeswaxed paper and soy waxed paper at α=0.05, with
beeswaxed paper thickness values being greater than soy waxed paper thickness values.
The average differences in weight between wet vs. dry samples were taken as an
analogue for the mass of mucilage added. The average amount of aloe vera gel added to

beeswax was 59.75 g (51.81-67.69 g, 95% CI); for soy wax it was 62.25 g (56.24-68.26 g, 95%
CI). There was no statistically significant difference in amount of mucilage added between
beeswax and soy wax samples. These results suggest that differing amounts of mucilage
added between different sample types is unlikely to be a significant factor in other tests that
might be dependent on amount of mucilage added, such as age/fire testing.
5.3. DSC/TGA Testing
A summary table of hypothesized physical transitions associated with average peak
temperatures (taken across two replicates of samples) is shown in Table V. The third heat flow
peak for the second HardiePlank replicate did not complete (i.e., reach a local minimum) prior
to termination of the test at 700°C. It is unlikely, however, that the conditions of fire testing
would produce temperatures sufficient for this to be a critical factor as the temperature of the
radiant cone heater itself does not exceed 700°C during testing.
From the perspective of fire performance, HardiePlank appears to have extremely high
degradation temperatures within the range of 400-700°C, suggesting that it is thermally
resilient and would not be a failing component in fire testing. The first peak transitions
occurring in HardiePlank coincide with literature values for the loss of bound water, occurring
within the range of 30-150°C (Miranda et al., 2013). The second peak transitions coincide with
literature values for the decomposition of portlandite, occurring within the range of 450550°C (Wei et al., 2012). Although the third peak temperature measured in the first replicate of
HardiePlank TGA (682.72°C) falls outside the literature range for decomposition of calcium
carbonate (740-850°C), the fact that the second replicate of HardiePlank appears to have a
third peak temperature that exceeds 700°C (a local minimum was not reached prior to the end
of the test) seems to indicate that this peak could potentially be attributed to calcium
carbonate decomposition. Testing at higher temperatures would be needed to investigate this.
Melting temperatures coincide well with literature values for soy wax and beeswax,
with soy wax melting within the range of 43-66°C (Romero et al., 2021; Trisnadewi et al., 2021;
Yao et al. 2013) and beeswax melting within the range of 50-70°C (Vykdalova et al., 2020).
However, decomposition/oxidation temperatures appear to be much higher than literature
estimates. For example, the soy wax used here is estimated to oxidize at 415.70°C, whereas
the flash point stated by Hoffmann et al., 2014, is 315°C. Considering how closely melting
temperatures match literature values for the same tests, the reason for this discrepancy is

unknown. Regardless, the relationship between melting and decomposition/oxidation
temperatures for each wax type are preserved with respect to literature: soy wax melts at a
lower temperature than beeswax but has a higher oxidation temperature than beeswax.
Table V. TGA summary table. Physical transitions for each material (left) are associated with
average peak temperatures (right). Values were omitted where peak temperatures could not
be determined (e.g., where peaks did not reach a local minimum prior to end of test).
Temp

Temp

Sample 1

Sample 2

Average Temp

HardiePlank

(°C)

(°C)

(°C)

Peak 1 (loss of bound water)

70.96

45.93

58.45

Peak 2 (decomposition of portlandite)

408.59

400.99

404.79

Peak 3 (decomposition of calcium
carbonate)

682.72

682.72

Soy Wax
Peak 1 (melting)

54.24

57.09

55.67

Peak 2 (decomposition)

411.6

419.8

415.70

Peak 1 (melting)

67.42

69.87

68.65

Peak 2 (decomposition)

364.14

364.3

364.22

98.6

122.61

110.61

Peak 1 (evaporation)

55.65

70.04

62.85

Peak 2 (depolymerization)

320.4

323.91

322.16

Beeswax

Aloe vera gel
Peak 1 (evaporation)
Wallpaper mucilage

The proximity of the aloe vera gel mucilage evaporation peak to 100°C combined with
the fact that its heat flow/mass loss rate curves show no significant features except a sudden
loss in mass and endotherm near that temperature indicate that it is almost entirely
composed of water, as opposed to the mucilages shown in Figure 3 (Archana et al., 2013)
which also exhibit a significant exothermic peak associated with depolymerization. Wallpaper
mucilage curves appear similar in shape to literature-obtained DSC curves (Figure 3), with an
endothermic peak associated with water loss and an exothermic peak associated with

depolymerization; however, its evaporation peak is centered at a much lower temperature
(62.85°C on average) than that normally attributed to water. Overall this indicates the
presence of more non-water content in wallpaper mucilage than in aloe vera gel; however,
aloe vera gel was selected as the mucilaginous component in HPWM due to its relative ease of
handling, as it is much less viscous than wallpaper mucilage.
5.4. 3-Point Bend Testing
Load-extension curves for HPWM obtained from bend testing demonstrate an
approximately bilinear curve (Figure 45), with the first region (left arrow) associated with
deformation of the paper/cardboard components and the second region (right arrow)
associated with deformation of the HardiePlank layers, followed by yielding of the
HardiePlank. The first region typically assumes a more jagged appearance than the second,
which can be attributed to the multi-layer construction of the waxed paper/cardboard/paper
towel components.

Figure 45. Annotated load-extension curve for beeswax sample (first replicate).
It should be noted that this bilinear curve shape renders 0.2% offset yield, flexural
moduli, and other material-specific values normally obtained according to ASTM C393 for

bend testing of sandwich composites incalculable (ASTM International, 2020). A report by
Betts et al. (2020) calculated additional values for a similar sandwich composite for flax fiberreinforced polymer (FFRP) faces and cardboard core with the use of data obtained from strain
gages and a model associated with FFRP; however, strain gages were not used during the
bend tests shown in this report. Future research may focus on development of
techniques/models to better characterize the performance of HPWM, as the available data in
this report is difficult to interpret due to HPWM’s partially non-rigid structure and bilinear
load-extension response. Given that one soy wax sample failed prior to bend testing and the
overall structural performance appears poor, an additional area of investigation could
examine the strength of various adhesives/adhesion methods between the wax (cuticle
analogue) and HardiePlank layers, or anywhere else in the composite where an adhesive is
used.
Maximum load values obtained from bend testing for each sample are listed in Table
VI.
Table VI. Maximum loads for samples tested. Average values and 95% confidence intervals are
also displayed for each sample type.
Sample

Max load (N) Average max load (N) (95% CI)

Beeswax 1

616.53

Beeswax 2

628.22

Beeswax 3

662.8

Beeswax overall

635.9 (576.1-695.6)

Soy wax 1

531.1

Soy wax 2

548.7

Soy wax overall

539.9 (428.1-651.7)

Control 1

769.39

Control 2

753.07

Control 3

855.83

Control overall

792.8 (655.6-929.9)

Notably, both soy wax and beeswax samples failed at lower average maximum loads
than the control samples; however, accounting for a significance level of α=0.05, the only

statistically significant comparison occurs between the soy wax and control samples, where
soy wax samples failed at a statistically significant lower average maximum load than the
control samples. This is hypothesized to be either due to stress concentrations created
between the wax and HardiePlank layers or moisture seeping through the bottom wax layer
and weakening the HardiePlank beneath. Beeswax was shown to be superior to soy wax in
terms of water retention during age testing; this may account for why beeswax samples do
not fail at a statistically significant lower average maximum load than the control samples.
5.5. Age Testing
The following chart (Figure 46) illustrates weight loss averaged over the three
replicates of each sample variant (soy wax, beeswax, and control) plotted versus date.

Average Weight Difference vs. Time
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Figure 46. Average weight loss (with respect to initial weight) for each variant in age testing,
plotted versus date.
All three curves noticeably follow the same contour, suggesting presence of a factor
other than water loss affecting weight of the samples, likely absorption of ambient water. The
increase in mass at the end of testing was attributed to heavy rain occurring during that
period (approximately April 15 – 16, 2022). Over time, average sample weight differences

clearly diverge, with soy wax samples losing more mass/water than beeswax samples, which
in turn loses more mass/water than the control samples. This indicates that beeswax provides
superior water retention ability to soy wax. Observations made after disassembling samples
corroborate this: beeswax HPWM samples showed greater dampness in their internal
cardboard/paper towel layers than soy wax HPWM samples. Differences in water retention
ability may be attributed to the higher average thickness of the beeswaxed paper layers (0.46
mm) compared to soy waxed paper layers (0.26 mm). This may be further attributed to the
different viscosities of molten wax; future research may focus on controlling the thickness of
waxed paper layers to determine if the difference in water retention ability is due to wax layer
thickness or due to intrinsic wax type.
A version of Figure 46 with error bars representing 95% confidence intervals for each
sampling period is available in the appendix (Figure A.5). The error bars associated with each
average are large and in many cases do not produce statistically significant differences
between sample variant types on each individual day. However, given that the comparative
relationship between beeswax, soy wax, and control sample mass losses holds across the
entire period of age testing, the inferences made above may still be accepted.
5.6. Fire Testing
Replicates show generally consistent behavior between mass loss rate curves for
beeswax and wood samples (Figures A.4.1-4). Data for one uncovered wet beeswax replicate
was rejected due to its extremely noisy behavior (Figure A.4.4); this particular replicate
demonstrated similar visual/physical behavior to other uncovered wet beeswax variants but
was measured to have mass loss rate values as low as -20 g/m2-s, which are far outside the
accepted bounds for mass loss rate data and are likely due to instrumental error (R.
Emberley, May 2022).
Some notable features can be observed in mass loss rate data (Figures 38-39; A.4.14). First, uncovered dry samples behave very similarly to wood samples, with an initially high
mass loss rate as high as 15-20 g/m2-s that rapidly decays as the samples burn. The high
amount of noise/cyclical behavior in the mass loss rate curves of these samples can be
attributed to buoyant effects from continuous flames on the wood/uncovered dry samples (R.
Emberley, May 2022). Uncovered wet samples began with an initially moderately high mass
loss rate attributed to ignition followed by relatively steady mass loss rate behavior after

extinguishing. This steady mass loss behavior is attributed to the high heat capacity of water, a
major component of plant mucilage. Covered wet and covered dry samples both experience
very steady mass loss rate behavior, with covered wet samples experiencing a slightly higher
mass loss rate over time likely due to water loss.
Covered wet beeswax samples exhibited no ignition and maintained the integrity of its
layers below the top cardboard layer, with the top cardboard layer experiencing some
charring. In comparison, both uncovered wet and dry samples underwent ignition. This
suggests strongly that HardiePlank acts as an effective insulating component and plays a
critical role in preventing ignition.
The effect of adding mucilage can be observed by contrasting the layer behavior of the
covered wet samples with that of the covered dry samples, which either burned through and
nearly consumed the entire bottom waxed paper layer due to ignition around the sides of the
sample, or experienced slightly more charring beneath the top cardboard layer if no such
ignition occurred. Both of these behaviors suggest that the mucilage plays a role in preventing
ignition and in protecting the sample components enveloped by the waxed paper (i.e.,
cardboard and paper towel). This is further supported by comparison between the ignition and
layer behavior of uncovered wet and uncovered dry samples: uncovered wet samples ignited
but self-extinguished after a period and left the bottom cardboard and paper towel layers
intact, whereas uncovered dry samples burned continuously after ignition until all layers had
degraded. Overall, it appears that the addition of mucilage to the sample design significantly
improves fire performance.
The presence of intumescence/swelling on uncovered samples was attributed to a
combination of material expansion and contraction under thermal stress as well as escaping
gases causing burnt paper/cardboard material to bend upwards (R. Emberley, May 2022).

6 CONCLUSIONS
Results from age testing strongly suggest that HPWM manufactured using beeswaxed
paper enclosures retain water better than HPWM manufactured using soy waxed paper
enclosures. Additional research is needed to determine whether this effect is due to the
thickness of wax or the intrinsic type of wax used.

Bend testing results indicate that more work is required to understand the factors of
and improve the structural integrity of HPWM for practical use, as HPWM samples failed at
lower maximum loads than control (HardiePlank only) samples. This may be achieved through
use of better adhesive materials/adhesion methods or improvements to the composite
sandwich geometry. Better mechanical characterization techniques or modeling may be
desired to achieve better understanding of the mechanical performance of HPWM.
Lastly, fire testing results indicate that both HardiePlank and the incorporation of
mucilage in the design of HPWM provide a significant amount of fire resistance. In particular,
mucilage appears to halt the spread of fire after initial ignition of the top wax layer. Further
research may also explore testing HPWM in a vertical configuration closer to end-use
conditions.
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APPENDIX
A.1. Additional DSC/TGA Curves

Figure A.1.1. DSC/TGA curve for aloe vera gel (second replicate), plotting both weight (blue
curve) and heat flow (green curve) vs. temperature.

Figure A.1.2. DSC/TGA curve for beeswax (second replicate), plotting both weight (blue curve)
and heat flow (green curve) vs. temperature.

Figure A.1.3. DSC/TGA curve for HardiePlank (second replicate), plotting both weight (blue
curve) and heat flow (green curve) vs. temperature.

Figure A.1.4. DSC/TGA curve for soy wax (second replicate), plotting both weight (blue curve)
and heat flow (green curve) vs. temperature.

Figure A.1.5. DSC/TGA curve for wallpaper mucilage (second replicate), plotting both weight
(blue curve) and heat flow (green curve) vs. temperature.

A.2. Additional Bend Testing Load-Extension Curves

Figure A.2.1. Load-extension curve for beeswax sample (second replicate).

Figure A.2.2. Load-extension curve for beeswax sample (third replicate).

Figure A.2.3. Load-extension curve for soy wax sample (second replicate).

Figure A.2.4. Load-extension curve for control sample (second replicate).

Figure A.2.5. Load-extension curve for control sample (third replicate).
A.3. Age Testing Weather Data
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Figure A.3.1. Humidity vs. time local weather data for age testing.

Temp (°C) vs. Time
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Figure A.3.2. Temp (°C) vs. time local weather data for age testing.

Pressure (in Hg) vs. Time
30.08
30.06

Pressure (in Hg)

30.04

30.02
30
29.98
29.96
29.94
29.92
29.9
29.88
4/1

4/2

4/3

4/4

4/5

4/6

4/7

4/8

Figure A.3.3. Pressure (in Hg) vs. time local weather data for age testing.

Wind (mph) vs. Time
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Figure A.3.4. Wind speed (mph) vs. time local weather data for age testing.

A.4. Additional Fire Testing Curves

Figure A.4.1. Mass loss rate vs. time graph for covered dry beeswax samples.

Figure A.4.2. Mass loss rate vs. time graph for covered wet beeswax samples.

Figure A.4.3. Mass loss rate vs. time graph for uncovered dry beeswax samples.

Figure A.4.4. Mass loss rate vs. time graph for uncovered wet beeswax samples.

Figure A.4.5. Mass loss rate vs. time graph for wood samples.

Table A.4.I. Table of timed events for fire tests. All times listed are relative times between
events, in seconds, unless otherwise specified. Times were not recorded for cells listed in red.
If no cell value is present for time of ignition, it should be assumed that no technically valid
ignition occurred for the associated sample.
Sample
Covered
beeswax wet 1
Covered
beeswax wet 2
Covered
beeswax wet 3
Covered
beeswax dry 1
Covered
beeswax dry 2
Covered
beeswax dry 3
Uncovered
beeswax wet 1
Uncovered
beeswax wet 2
Uncovered
beeswax wet 3
Uncovered
beeswax dry 1
Uncovered
beeswax dry 2
Uncovered
beeswax dry 3
Wood 1
Wood 2
Wood 3
Covered soy
wax wet
Covered soy
wax dry
Uncovered soy
wax wet
Uncovered soy
wax dry

Sample placed
on scale

Igniter activated

22.42

7.66

2164.16

6.32

1.72

1207.32

8.51

1.6

1213.95

7.16

1.48

1195.12

8.98

1.43

15.18

926.33

5.8

10.08

23.33

923.85

13.11

2.32

5.07

616.23

14.48

2.01

7.44

520.09

7.86

1.32

5.71

457.58

17.68
15.71
10.07
13.84

0.98
1.79
1.65
2.05

9.45
22.39
22.9
15.02

649.92
332.76
518.36
604.86

11.08

2.24

1211.87

14.95

1.08

1211.63

14.76

1.88

8.16

1213.76

11.24

3.31

5.25

624.17

Time of ignition

Duration (total)

A.5. Additional Fire Testing Analysis

Average Weight Difference vs. Time
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Figure A.5. Average weight difference vs. initial for each variant in age testing, plotted versus
date, with error bars representing 95% confidence intervals.

